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The purpose of this thesis was to create a grid connected inverter test setup at the 
Building 190 of Murdoch University South Street campus and to complete an example inverter 
compliance test to AS/NZS4777.2 – 2015 Standard.  
In order to complete this aim several objectives have been established: 
 Familiarisation with the existing equipment in the laboratory situated in Building 190; 
 Review of the AS/NZS4777.2 – 2015 Grid connected inverter requirements; 
 Developing the Test setup physical circuit and data logging facility; 
 Testing of the example inverter, analysis and documentation. 
Firstly, an inventory of existing equipment in Building 190 was completed providing a few 
adequate options for most sections of the test setup circuit. Each option was considered and 
the most viable was chosen based on what value it would provide in the setup as well as the 
time and resource availability.  
The following Figure 1 - Final test setup configuration  depicts the visual representation of the 
final test setup configuration diagram with the relevant matching test equipment. 
 
Figure 1 - Final test setup configuration 
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As a second task, a review to gain an in-depth understanding of the AS/NZS4777.2 – 2015 was 
completed and tests were nominated. These tests were completed on the chosen inverter 
Sunny Boy 5000TL as an example and proof of functionality of the test setup: 
 Harmonic Current limits test 
 Transient voltage limits test 
 Passive anti-islanding test 
 Sustained operation limits test 
All of the chosen tests have been successfully completed on the designated inverter and 
results showed that inverter does not pass all of the Standard compliance tests for 2015 
version of the Standard. This was expected as the inverter was only compliant to the 2005 
version of the Standard and not to updated power response grid functionalities of 2015 
version.  
After the completion of the test setup configuration and testing the designated inverter it has 
been concluded that the thesis has completed its objectives in creating an adequate test setup 
with data logging facility for performing performance and functionality tests for grid 
connected inverters. 
For future works it is recommended to run regular maintenance on equipment used in the 
setup and commission the use of the PV Simulator, the small AC switchgear, outdoor load 
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1. Introduction 
The primary objective of this thesis project is the development of the Test setup for 
grid connected photovoltaic (PV) inverters with data logging functionalities. It is important 
that all PV inverters connected to the grid comply to certain standards in order to preserve 
stability and quality of the distribution grid.   
In order to complete this objective several tasks have been established: 
 Familiarisation with the existing equipment in the laboratory situated in Building 190; 
 Review of the AS/NZS4777.2 – 2015 Grid connected inverter requirements standard; 
 Developing the Test setup physical circuit and data logging facility; 
 Testing of the example inverter, analysis and documentation. 
The thesis is divided into three distinguishable parts. 
The first part of the thesis provides the background information on the development of the 
Photovoltaic technology and the grid impacts it has at the present day. Australia and New 
Zealand developed the AS/NZS4777.2 standard in 2015 that describes the requirements of 
the connections of these systems to the distribution network via grid connected inverters. 
This standard is described in this part of the thesis in detail and the key points in developing 
the test setup and the tests that are to be completed on the test inverter are highlighted. 
Building 190, situated at Murdoch University South Street campus was previously used by 
Research Institute for Sustainable Energy (RISE) and Renewable Energy Systems test Centre 
(ResLAB) for testing purposes and houses a variety of equipment that is to be used in the test 
setup. A description of the equipment that was chosen for this study will be found in this part 
of the thesis. 
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The second part of the thesis describes the methodology and logic used in weighing out the 
options in choosing the circuit parts using two constraints. It’s primary focus is on the 
description of the test setup itself. It is divided in two sections. The section one describes 
building the physical circuit of the test setup. It focuses in detail on the performance of the 
equipment, relevant issues with some of them and the way they were resolved.  The section 
two describes the programming of the equipment to perform the tests and focuses in detail 
on workings of the data acquisition system.  
Third part of the thesis describes how to perform the tests over the test inverter and provides 
analysis of the acquired data. Based on this analysis the test inverter will be deemed 
compliant or not compliant to the relevant standard. 
Following the third part is the conclusion which highlights the outcomes of the research and 
provides insight into future development of the test setup that can improve its functionality. 
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2. Background section 
Summary 
 The purpose of this background section is to provide background information to the 
thesis. In the first part, a short history of photovoltaic systems and their current state in 
Australia is described. The emphasis is given on the importance of the grid connected PV 
systems and grid connected functionalities of the PV inverter.  The second part presents the 
sections of the AS/NZS4777.2 Standard which are relevant to this thesis and will be part of the 
test setup. The history of Rise and ResLab are briefly described in the third part, describing 
their history and involvement in Standard development. The last part covers the equipment 
that is present in the laboratory and will be used in creation of the test setup. 
2.1. History of PV system development in Australia 
Photovoltaic technology was born in United States of America in 1954 when the first 
silicon photovoltaic cell was developed at Bell Labs. This cell was capable of converting solar 
energy into usable electrical energy and had an efficiency of 6%. [2] From this point on PV 
technology continued developing not only in the United States of America, but in many other 
countries of the world. 
The Australian government has early understood the importance of PV systems and their 
application and realised the potential of the Australian continent when it comes to solar 
irradiance. One of the very important incentives it has developed is the Commonwealth 
Government’s Renewable Energy Target (RET) scheme which commenced on the 1st of April 
2001. From 2001 to 2010 market growth for PV was 15% . Immense growth was noticed from 
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2010 to 2013, but has flattened from 2013 to 2015. At the moment, the number of 
installations in the residential sector are strongly rising [3]. There are 1.7 million PV 
installations in Australia by the last count in July 2017, providing capacity of just over 6.2 GW 
(see Figure 2). 
 
Figure 2 – Historical graph of Australian PV installations [3] 
At the moment in Australia government has lessened its incentive for feed in tariff from the 
customer PV system to the distribution network. Fortunately, this setback can be substituted 
by the constant drop in prices of PV systems due to development of technology and mass 
manufacture. With the increase in prices of electrical energy imported from the grid, 
customers are finding that using their own produced PV energy can save them money long 
term.  With this drive and with the constant fall in PV system prices there is a good chance 
that the PV system installation numbers will continue to grow.  
Most of the existing PV systems in Australia are residential small-scale systems (<5kW), where 
commercial rooftop installations (typically over 10kW systems) and large scale industrial 
installations are on the rise.[3] 
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There are multiple ways of using PV, but generally two main categories exist. PV systems can 
be distinguished as Off Grid or On Grid systems (see Figure 3) with their relevant basic usages: 
 
Figure 3 – PV system categorisation 
Both Off Grid and On Grid systems use the same module technology and deliver same amount 
of energy to customer, where the main difference is in the functionalities of the inverter 
converting current supplied by the PV to AC current supply. In the case of off grid systems, the 
inverter is supplying power directly and only to the customer. These systems are very common 
in rural areas. In the case of on grid connected inverters, AC power is supplied to the grid with 
the option of the customer using the energy for theird own consumption or storing it in 
battery systems and exporting excess to the grid, or exporting all of the energy to the grid 
[4,pp 843-846]. 
The emphasis of this project are the functionalities of grid connected inverters for PV systems 
as represented by Figure 4: 
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Figure 4 – PV system with grid connected inverter [4] 
As the number of grid connected systems is rapidly growing (see Figure 5) and their 
contribution to the power capacity of the network is becoming more important, Australia and 
New Zealand have developed a new edition of the AS/NZS4777.2:2015 Grid connection of 
energy systems via inverters, Part 2 Inverter Requirements (the Standard). The latest edition 
of the Standard 2015 provides an update on 2005 version of the Standard as it develops 
requirements for power response functionalities of inverters to the changes in the grid [5]. 
This will further be discussed in Section 2.2.  
 
Figure 5  – Cumulative Australian PV installations by category [6]  
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2.2. AS/NZS 4777.2 : 2015 - Grid connection of energy systems via 
inverters – inverter requirements [7] 
The AS/NSZ4777.2:2015 standard specifies requirements for low voltage inverters 
supplying electric power to the grid at low voltages through electrical installations.  
The Standard comprises of two parts. The main part of the Standard consists of detailed 
descriptions, tables and graphs with the values that inverters under test need to comply to. 
The Appendices of the Standard provide details of the tests. 
Both PV modules and inverter are considered to be installed as fixed and permanently 
connected equipment. Inverters can be single or three phase. Inverter energy systems can be 
comprising of one or more inverters, one or more energy sources and might include batteries 
for storage. In this project, we will be addressing functionalities of single-phase inverters 
operating in single mode (not connected with other inverters in a string) and with powerflow 
from DC to AC only. 
Inverters shall comply with the appropriate electrical safety requirements of IEC 62109-1 [8] 
and IEC 62109-2 [9] Standards – “Safety of power converters for use in photovoltaic power 
systems”, as well as requirements of the Standard. Installation of the inverter and the PV 
system shall be compatible with wiring practices of AS/NZS 3000 – Electrical installations and 
variations as required by AS/NZS 4777.1:2015 – inverter installation requirements. 
2.2.1. Power factor and Power quality response modes 
The inverter will operate at unity power factor in the range 0.95 leading to 0.95 lagging 
for all current outputs from 25% to 100% of inverters rated current. Operation outside unity 
range is acceptable only in power quality response modes.  
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Power quality modes present the important part of the grid connected inverters as they define 
inverter response to the changes in the distribution network. These modes contribute to 
power quality at the point of connection and provide characteristics for the purpose of 
providing support to the grid. The purpose of this thesis is to provide a test setup capable of 
testing these functionalities of inverters in the future. 
The inverter (acting as a generator – without storage capabilities) shall have following 
response modes: 
1) Demand response mode (DRM) – may be provided via an integrated device or 
an external device, 
2) Voltage response modes: Volt-Var and Volt-Watt response mode, 
3) Fixed power factor or reactive power factor mode, 
4) Power response (Cos ϕ (P)), 
5) Power rate limit. 
 
2.2.1.1. Volt-Var response mode 
 The Volt-Var response mode varies the reactive power output of the inverter as a 
response to the voltage at its terminal. The inverter will respond to the voltage drop beneath 
220V by changing its Var level up to 30% leading. In case of the voltage rise above 250V 
inverter will change its Var level up to 30% lagging. 
This mode, if present in the inverter, should be disabled by default. 
2.2.1.2. Volt-Watt response mode 
The Volt-Watt response mode varies the power output of the inverter as a response 
to the voltage at its terminal. The inverter will respond to the voltage rise above 250V by 
decreasing its power output linearly to 20% of its rated output when the external voltage 
reaches 270V. 
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This mode if present at the inverter should be enabled by default. 
2.2.1.3. Fixed power factor or reactive power factor mode 
 The fixed power factor mode and the reactive power factor mode may be required in 
some cases in order to meet local grid requirements. The fixed power mode is used for 
control of the displacement power factor over the range of inverter power output and its 
minimum range should be between 0.8 leading (current leads voltage) and 0.8 lagging 
(current lags voltage). The reactive power mode may be required to be fixed at a constant 
level. The maximum ratio of reactive power to apparent power should be 100%. 
This mode, if present in the inverter, should be disabled by default. 
2.2.1.4. Power response Cos ϕ (P) mode 
 The characteristic power curve for Cos ϕ (P) mode presents the inverter response to 
changes in the output power of the inverter by varying displacement power factor of the 
output of the inverter. Displacement power factor is the power factor due to the phase shift 
between voltage and current ate the fundamental line frequency. The response curve should 
be defined within displacement power factor range of 0.9 leading to 0.9 lagging.  
This mode, if present in the inverter, should be disabled by default. 
2.2.1.5. Gradient of the power rate limit 
 Inverters should have an adjustable ramp rate of real power output as a response to 
reconnection to the distribution network. This ramp rate is defined as the power rate limit 
(WGra). It is given as a percentage of rated power per minute and can have values between 5% 
and 100% of rated power per minute. The nominal ramp time (Tn) is the nominal time in which 
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the output power will change by 100% with the power rate limit of WGra. The nonlinearity of 
the power rate limit shall be less than 10%. 
The power rate limit (WGra) default setting for increase and decrease shall be 16.67% which 




  (1) 
All inverters should have a soft ramp up mode (WGra) after connecting or reconnecting and 
will be required to be tested as part of the Sustained operation limit test for frequency 
variations tests. 
2.2.2. Harmonic currents  
The inverter under test shall be connected into the test circuit in a way that matches 
Figure 6. This setup will be used for all of the tests unless otherwise stated. All the values are 
going to be measured by Power analyser on the output of the inverter. 
 
Figure 6 – General test setup circuit 
Recorded harmonic current values shall not exceed values from Table 1 and Table 2 as stated 
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Table 1 – Odd harmonic current limits [7] 
Odd harmonic order 
number 
Limit for each individual 
odd harmonic based on 
percentage of fundamental 
3, 5 and 7 4% 
9, 11 and 13 2% 
15, 17 and 19 1.00% 




Table 2 – Even harmonic current limits[7] 
Even harmonic order 
number 
Limit for each individual 
even harmonic based on 
percentage of fundamental 
2, 4, 6 and 8 1% 
10, 12, 14, 16, 18, 20, 22, 
24, 26, 28, 30 and 32 
0.5% 
 
Voltage harmonics in the circuit are provided by the AC source and shall be measured by the 
Power analyser and comply to the limits stated by the Standard as shown in the Table 3. 
Table 3 – Voltage harmonic limits[7] 











Even harmonics 2- 
10 
0.2% 
 11-50 0.1% 
THD  
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The grid is to be represented by an AC source simulator (described in the equipment section) 
and shall have capabilities to vary voltage, frequency, grid impedance and voltage harmonics 
as required by the test procedure. 
2.2.3. Transient voltage limits test 
 Voltage transients are defined as short duration surges of electrical energy induced in 
circuit due to switching and are a product of a sudden release of energy previously stored or 
induced. In order to prevent damage to electrical equipment in the same circuit, inverters 
need to comply i.e. have transient overvoltage values under the limits specified in Table 4. 
















The inverter under test shall be connected into the test circuit in a way that corresponds to 
Figure 7. The top part of the circuit diagram presents a small electric load typically found in a 
household. 
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Figure 7 – Transient voltage test setup circuit 
  
2.2.4. Protective functions for connection to electrical installations  
and the grid 
For the inverter to be connected to the grid there is a requirement for an automatic 
disconnection device which will prevent injection of energy in the grid and to prevent the 
formation of an island when the main grid supply has been disconnected. The automatic 
disconnection device can be a part of the inverter or can be a separate device. Modern 
inverters are equipped with an automatic disconnection device as an internal part of their 
structure and the inverter tested as part of the thesis is equipped with one.  
For the purpose of this thesis tests will be performed that will test the compliance of operation 
of the automatic disconnection device in two cases: 
1. Passive anti-islanding protection, 
2. Limits for sustained operation. 
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2.2.4.1. Passive anti-islanding protection 
 In order to prevent the inverter from forming an island with the grid the automatic 
disconnection device shall have the following modes of passive anti-islanding protection: 
a. Undervoltage and overvoltage protection, 
b. Under-frequency and over-frequency protection. 
 
Table 5 provides passive anti-islanding set point limits. The automatic disconnection device 
shall only operate when the values for voltage and frequency exceed specified limit. The 
response time of operation shall be no sooner than the Trip delay time and not after Maximum 
disconnection time.  








Undervoltage (V<) 180 V 1 s 2 s 
Overvoltage 1 (V>) 260 V 1 s 2 s 
Overvoltage 2 (V>) 265 V - 0.2 s 
Under-frequency 
(F<) 
47 Hz 1 s 2 s 
Over-frequency 
(F>) 
52 Hz - 0.2 s 
 
In case that, for example, the voltage drops below the undervoltage limit, the inverter 
output can continue, reduce or stop and if the voltage returns above the limit during the trip 
time delay period the inverter can continue its normal operation. 
2.2.4.2. Limits for sustained operation 
2.2.4.2.1. Sustained operation for voltage variations 
The Standard stipulates the maximum nominal voltage (Vnom_max), which, if exceeded 
by the grid as an average value for a 10min period, the inverter shall operate the automatic 
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disconnection device within 3s. This value is different for New Zealand (248V) and Australia 
(255V). Sustained operation for voltage shall not interfere with passive anti-islanding 
requirements as described in previous section. 
This 10min average value shall be compared against the Vnom_max every 3s, calculated for every 
preceding 10min and measured at the inverter’s terminals. 
2.2.4.2.2. Sustained operation for frequency variations 
 Frequency limits for normal inverter operation in Australia are 47 Hz to 50.25 Hz. The 
response for the decrease in grid frequency is only applicable to inverters with storage and as 
such is not a part of the objectives of this thesis. 
Load changes on the grid will result in changes in frequency. When there is an increase in grid 
frequency so that it exceeds 50.25 Hz the inverter shall decrease its power output linearly with 
the increase in frequency. The inverter shall not operate if the grid frequency exceeds 52 Hz 
(fstop=52 Hz). 
The inverter power output at the frequency equal to 50.25 Hz shall be recorded as reference 
power level (Pref) and will be used to calculate the required power output (P) to the increasing 
frequency (f) as per equation 2: 
𝑃𝑜𝑢𝑡 = 𝑃𝑟𝑒𝑓 [1 −
(𝑓−50.25)
(𝑓𝑠𝑡𝑜𝑝−50.25)
]  (2) 
Until the frequency decreases back to 50.15 Hz or below for at least 60s the inverter 
output power shall remain below the lowest power level reached as a response to an over-
frequency event described above. Only after this event shall the inverter power increase to its 
available energy source power and only at a rate no greater than the power rate limit (WGra). 
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The inverter shall continue with normal operation (see Figure 8 for a graphical 
representation).  
 
Figure 8 – example frequency response for over-frequency conditions for fstop=52 Hz [7] 
No delay is required in inverter response to a frequency change but if it does occur it can be 
accepted due to an inherent inverter system control mechanism delays. 
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2.3. RISE - ResLab history 
The Australian Cooperative Research Centre for Renewable Energy (ACRE) was 
established in 1996 by the Australian Government as an alliance between industry, 
Government and Universities to promote the development of renewable energy in Australia. 
Its location was at Murdoch University in Perth. ACRELab, the laboratory established by ACRE, 
had capabilities to test stand-alone and grid-connected renewable energy systems up to 
50kW. ACRE staff ware actively involved in the development of national Renewable Energy 
standards as well as collaborating on International standards in this area. Following the closing 
of ACRE in 2003 the Western Australian successor who took over the role of ACRE was 
established at the Murdoch University campus under the name Research Institute for 
Sustainable Energy (RISE), and ACRELab was renamed to Renewable Energy Systems 
Laboratory (ResLab).[10]  
RISE was established as a joint venture between Murdoch University, Curtin University and 
small number of industry partners. Programs run at RISE were aimed at the development of 
Australia’s renewable and sustainable energy industry and incorporated amongst others 
component testing, research and development, education and policy. Its research and 
development unit merged the Murdoch University Energy Research Institute (MUERI) and the 
Centre for Renewable Energy and Sustainable Technologies Australia (CRESTA) focusing on 
small renewable remote area power systems based on PV and wind technologies, 
development of systems and components and power conditioning for distributed generation. 
During its existence, attention was also given to grid integrated/connected RE systems.[11] 
ResLab inherited NATA accreditation from ACRE laboratory and continued to perform testing 
of renewable energy products used in off-grid and fringe of grid power systems in Australia, 
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as well as commercial testing of inverters and other equipment.[12] Following its closure in 
2010, some of its capabilities were transferred to the School of Engineering and Information 
Technology to form a “new MUERI” – Murdoch University Energy Research and Innovation 
Group.[13] 
Most of the equipment used in ResLab have been inherited by MUERI and is still situated in 
the same laboratory (Murdoch campus Building 190). The School of Engineering and 
Information Technology uses this laboratory and equipment for various research projects and 
student experiments. Building 190 is located on the eastern side of the Murdoch University 
South Street campus bordering Murdoch Drive. The details of the equipment that were used 
for building the Test setup can be found in the following section – Equipment description. 
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2.4. Equipment description 
2.4.1. PV array simulator  
RISE has purposely built a specialised 25kW simulated solar array  to fulfil its 
experimental and inverter testing needs [14]. Since the closure of RISE two students have 
worked on this specialised test equipment as part of their thesis projects. A good 
representation of the PV array simulator functionality is provided by Joshua Chan [15] and 
Nabeel Arshad [16]. As this equipment has not been used in the previous 6 years and the DC 
generator requires maintenance, the decision has been made that for the source of DC current 
to the inverter PV simulator will not be used. It is a recommendation that this piece of 
equipment is to be regularly serviced and used in future experiments and tests.  
2.4.2. 4.5kW PV array 
Instead of the PV array simulator an existing 4.5kW peak customisable PV array 
situated on the roof of the Building 190, will be used (see Figure 10). The PV array is built out 
of 60 BP275 75W PV modules supported by four frames. The PV array is connected to the 
inverter and the distribution grid through a set of switches (see Figure 9), enabling control of 
power supplied to the inverter by switchable sections. 
Figure 9 - PV Array control switches Figure 10 - PV Array 
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2.4.3. Sunny Boy 5000TL inverter 
At the start of the thesis project a request was made for a modern inverter to be 
acquired so that power response functionalities of grid connected inverters could also be 
tested. Unfortunately, this was not accomplished due to the time and resource restrictions.  
The decision was made to use an existing single phase Sunny Boy (SB) 5000TL inverter (see 
Figure 11) which was already connected to the PV array. The SB5000TL has a rated power of 
4.6kW and a maximum AC apparent power of 5000VA and as such will be able to support the 
existing PV array output. For the purpose of this thesis it is noted that the inverter has a 
frequency range of 45Hz-65Hz, a voltage range of 180V-280V and an internally connected auto 
disconnection device complying to the requirements for running the tests [17]. Existing 
inverter settings will be checked and if necessary adjusted before the tests. 
 
Figure 11 - Sunny Boy 5000TL inverter 
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2.4.4. PM3000A power analyser [18] 
 The PM3000A power analyser (see Figure 12) is a fully auto-ranging instrument. It is 
equipped with 3 channels, each of them having separate voltage and current measurement 
ports. The current ports are equipped with internal shunt rated at 30A rms. For the purpose 
of this thesis only one channel will be used with both voltage and current ports. 
Over 400 different measurements can be selected by the user and displayed on the front panel 
by choosing relevant keys. For the purposes of this thesis Voltage, Current and frequency will 
be observed. The IEEE 488.2 port can be easily configurated to communicate with the PC. 
 
Figure 12 – PM3000A Power analyser 
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2.4.5. Tektronix TPS 2014 Digital Oscilloscope 
The Tektronix TPS2014 digital oscilloscope [19] provides 11 different automatic 
measurements with 4 completely isolated and floating channels, plus the isolated external 
trigger (see Figure 13). It has a bandwidth of 100MHz and a sample rate of 1.0 GS/s per 
channel. It is able to record 2.5k points across 10 horizontal time based ranges of 5ns to 50s 
per division. Vertical sensitivity is 2mV to 5V per division with calibrated fine adjustment. 
There are 8 vertical divisions.  
As a standard accessory, it comes with one P2220 passive probe (1x/10x attenuation 
and 6MHz/200MHz bandwidth) per channel. For data storage, a slot for a Compact Flash 
memory card is provided with comprehensible interface on the VGA screen.  
High voltage differential probe Tektronix P5200 [20] is to be used for voltage measurements, 
Probe provides attenuation of 50x or 500x, bandwidth of 50Hz and maximum common mode 
input voltage of ±1300V. 
Current probe and clamp Tektronix A622 [21] is to be used for current measurements. The 
probe provides maximum input current of 100A peak and minimum input current of 50mA.  
 
Figure 13 - Tektronix 2014 digital Oscilloscope 
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2.4.6. California Instruments MX45 3Pi AC source [1] 
During its operational period, ResLab bought a California Instruments MX45 3PI; an 
AC/DC single and three phase generator with rated power of 45kW across all phases. It is one 
of the objectives of this thesis to provide a quick overview of this equipment and a short, 
simplified manual for using some of its features. 
The MX45 has a three phase AC supply and the capability to provide single or three phase 
outputs (see Figure 14).   
The MX45 can be controlled from either the front LCD display panel and keyboard, or using a 
dedicated PC software MXGUI, in which case it can be connected to a computer using IEEE or 
RS232C interface. 
The MX45 has possibilities to provide many useful functions as a Grid simulator. As a general 
overview of its functions following list has been provided:  
Figure 14 – Front view of MX45 (left), MX45 input and output wiring (right) [1] 
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- AC voltage output 0-300V per phase (voltage can be selected between AC and DC as well 
as the operating range), 
- frequency range 45Hz-819Hz standard mode,  
- current limit of 37.5A per phase in three phase mode, or 112.5A in single phase mode, 
- harmonic and AC waveform generation, 
- AC and DC transient generation,  
- harmonic analysis, 
- output impedance control, 
- measurement and analysis of conventional measurements,  
- data logging, 
- trigger input/output, 
- designed feature to provide compliance testing to IEC61000 and others. 
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2.4.7. Small AC switchboard 
During its operational period RISE built several switchboards (AC and DC) in the 
laboratory Building 190. The small AC switchboard (Figure 15) is located in the eastern side of 
the building and has the capacity to connect different sources and loads. Its operation is 
controlled by a PLC system programable and controllable by a PC. Maintenance of the 
switchboard and reprograming of the PLC is required before it can be used.  
During the extensive research into workings of the small AC switchboard it was found that the 
switchboard was not functional and required maintenance. Existing hardwired AC 
switchboard was used. 
 
Figure 15 – Small AC switchboard 
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2.4.8. Load Bank 
Typically, current that flows from the PV system through inverter is either used by the 
customer or exported to the grid. In a test setup environment, a load bank needs to be 
connected to the circuit to act as a current sink. The laboratory has a few 5kW rated load 
banks (Figure 16) with variable resistive loads and the option for adding different types of 
loads through powers sockets on the side of the encasing. 
 
 
Figure 16 – 5kW Load bank 
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3. Method 
While the Background section provides adequate information on the equipment, it does not 
address the difficulties that were encountered during the research phase of the thesis and the 
decision-making procedure in creating the Test setup circuit. 
Detailed discussion on the test circuit development will be presented in Section 4. The logic 
and methods used in the decision making will be presented as a part of this section. 
While researching AS/NZS4777.2-2015 it became clear that the Test setup in its general 
configuration will need to match Figure 6 – General test setup circuit . 
Each one of the components in Figure 5 needed a piece of equipment, connected through an 
appropriately rated switchboard. In order to fulfil this requirement, a stocktake of the 
available equipment at disposal was taken in Building 190. 
Due to the isolated status of Building 190, which was to be used as the location to build the 
test setup, and due to the safety standard of Murdoch University, access was limited to days 
when at least two people would be present in the laboratory at the same time. This accounted 
to a maximum of three days a week available to complete work with the equipment and 
testing the inverter. 
Before doing any work on the Equipment a Safety Risk Assessment was completed. A sample 
of the Risk Assessment can be found in Appendix A. 
In order to successfully complete the objectives of the thesis, research into the constraints 
preventing the objectives were defined. 
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First constraint – Time – limit practical work in the laboratory to maximum of three days a 
week, due to the safety concerns, over the allocated time period for the thesis completion at 
the end of semester. 
Second constraint – Resources – all of the equipment was to be resourced from the existing 
stock available at Murdoch University, with exception of the possibility of acquiring a new 
inverter with grid connected functionalities. Equipment was to be in working order, or to need 
minor adjustments/maintenance in order to be used. 
As a rule of thumb in most cases, two options were selected with adequate potentials for each 
component of the test setup. Option one was the preferred version, as a more elegant 
solution, and option two was to be backup solution. Indepth research into the functionalities 
of the equipment was performed. Based on the two constraints -- time and resources - the 
decision was made as to which of the two options to use. In simple terms, equipment needed 
to be in a functional state and available for implementation in the test setup quickly. 
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Figure 17 -– Problem solving Flow diagram 
 
Two cases were encountered that affected the flow of the work and introduced delays in the 
project: 
1. Switchboard – as a first option teexisting Small AC switchboard was chosen. It is an 
enclosed, safe switching station with “plug and play” functionality providing an 
easy option of adding components using various sockets and plugs. This equipment 
was built and installed by ResLab, but has not been used since ResLab closed down 
in 2009. After extensive research and experiments it was found that the PLC 
controlling the switchboard was not functional. In order for the PLC to work it 
would need to be reprogramed. This proved not to be viable as it didn’t pass both 
of the constraints. The PLC was not functional and needed time outside of the 
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– using an existing hardwired switchboard was selected as it passed both 
constraints. 
2. Input supply to inverter – as a first option the existing PV simulator was chosen. It 
has a capability to provide continuous controllable power input to the inverter. 
This equipment was built and installed by the ResLab, but has not been used since 
ResLab closed in 2009. Constraints of time and resources were applied to this 
equipment and it failed to meet them. The DC generator powering the PV simulator 
needs maintenance, which in turn required resources that were not available. The 
PV simulator cabinet itself has not been used in years and as such needs 
maintenance and testing. As such, the PV simulator was not a viable option, failing 
both constraints. Option two was chosen – use of an existing 4.5kW PV array on 
the roof of the building. This does not provide controllable continuous power input 
to the inverter for repeatability of the tests, but as this was not one of the main 
objectives of the thesis, it was chosen as a best option. In due time, it can be 
replaced with the PV simulator. 
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4. Description of the test setup 
The main objective of this thesis is the development of a test setup for grid connected 
PV inverters with data logging functionalities. The background section describes the Standard 
and the compliance requirements of grid connected inverters. This section of the thesis 
addresses building the Test setup and explaining the data logging facility. 
The grid connected test setup circuit has been outlined in the Standard. The general 
configuration of the test setup has already been mentioned in Methods section, but for the 
visual purposes will be repeated here as Figure 18. 
 
Figure 18 - Test setup general configuration 
As a quick recap following the Equipment and Methods sections below is a list of the Test 
setup circuit requirements matched with the chosen equipment for each section: 
1. Input supply to the Inverter – 4.5kW PV array on the roof of the building 
2. Inverter under test – Sunny Boy 5000TL 
3. Grid – California Instruments AC Simulator rated 45kW 
4. Load – 5kW load bank 
5. Power analyser – PM3000A and two Tektronix oscilloscopes 
6. Switchboard – existing hardwired switchboard 
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Configuring the test setup tasks can be broken into two sections. The first section labelled 
creating of the setup of the physical circuit, represents the hardwiring of the equipment and 
creating the circuit as required by the Standard. The second section labelled Programming of 
the Equipment, represents the software aspect, programming of the equipment to perform 
the required tests. 
Before starting any work with the equipment, a Safety Risk Assessment should be completed 
nominating all of the risks as well as the mitigating measures. The sample of the Risk 
Assessment can be found in Appendix A. 
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4.1. Creating the setup of the physical circuit  
4.1.1. Input supply to the inverter – PV array 
It has been discussed in the Methods section that the PV simulator was discarded as 
an input supply to the inverter and that the PV array on the roof of the Building 190 (see Figure 
19) was decided upon as the input supply (DC) to the inverter.  
 
Figure 19 – PV array on building 190 
The PV array was installed in 2011 and has a rating of 4.5 kW. It is connected to the existing 
installation of a  Sunny Boy inverter through a switchboard labelled Solar D.C. (see Figure 20). 
This switchboard has been setup to control the input from different sections of the PV array, 
allowing for a certain amount of control over the input to the inverter. For the proposed test 
of this thesis, the whole of the array will be used, due to the overcast weather, in order 
produce an output equal to 50% of the rated output of the inverter. 
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Figure 20 – PV array switchboard – Solar D.C. 
4.1.2. Inverter under test – Sunny Boy 5000TL 
The cable running from the Solar D.C. switchboard leads to the DC input of the inverter 
Figure 21, point A). The inverter output (see Figure 21, point B) connects directly to the AC 
switchbox at the 2-way terminal connection blocks (see Figure 31 point B). 
 
 
Point A Point B 
Figure 21 - Sunny Boy inverter cable connections 
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As the PV array was already connected to the inverter and exporting energy to the distribution 
grid, it is of utmost importance to disconnect the inverter connection to the distribution 
network before connecting any of the equipment. This can be accomplished by using the 
switchboard labelled “Grid Connection switch box” (see Figure 22) situated on the righthand 
side of the PV array switchboard. 
 
Figure 22 – Grid connection switch box 
It is of utmost importance, that only after the inverter connection to the grid has been 
disconnected shall the AC simulator be powered up and connected to the test circuit. Failure 
to do so will result in AC simulator feeding directly into the grid, which in turn will cause 
disturbances in the distribution grid itself due to the AC simulator test settings. 
4.1.3. Grid – California Instruments AC source simulator 
California Instruments AC simulator (referred to as AC Simulator) represents the Grid 
part of the required setup. AC Simulator is powered by the three-phase AC cable connected 
through a set of switches (see Figure 23) situated behind the simulator. 
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Figure 23 – Grid connection switch box 
Firstly, the switch above the plug is turned to ON position, then the isolating switch lever 
above is turned to ON position. This provides power to the AC simulator. Next step is switching 
on the AC Simulator itself. This is accomplished with the switch at the front of the AC Simulator 
(see Figure 14 from Equipment section). At the back of the AC Simulator (see Figure 24) there 
are two important connections to be made. First one is the external trigger (seen on the left 
side of the Figure 24) which connects to the front panel of the Oscilloscope. This signal, when 
initialised in the setup of the AC Simulator PC interface MXGUI transient list, provides a trigger 
for the start of the data acquisition of the wave form by the Oscilloscope (connected to the 
trigger input of Oscilloscope). The second important connection to be made is the IEEE 488.1 
connection port (seen on the right side of the Figure 24), connecting the AC Simulator with 
the IEEE 488.1 card of the PC. This will allow the communication of the MXGUI software and 
the AC Simulator. Both of these parts of the setup will be discussed in more detail in the 
Programming of the Equipment section. 
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Figure 24 – Back panel of AC Simulator 
The power cable leading out of the AC Simulator has been setup in a single-phase 
configuration and connects to the Switch on the side of the Switchboard (see Figure 25). This 
switch is directly connected to one of the circuit breakers in the Switchboard and is denoted 
by the S switch in Figure 18. As part of the requirements of the Transient voltage test of the 
Standard this switch will be used to disconnect supply and the load from the circuit and 
measure occurring transient voltages produced by the inverter. 
 
Figure 25 – The Switch 
               P a g e |  39 
 
4.1.4. Load bank 
In a real-life grid connected PV system, all of the current flowing from the PV inverter would 
either be used by the customer, or partially used and partially exported to the distribution 
grid. In a simulated model, the distribution grid is simulated by the AC Simulator which is not 
bidirectional, but acts only as a AC grid source. In order to provide a sink for the current 
supplied by the PV inverter a load bank is required to be connected in the circuit as presented 
in the Figure 7. The load bank needs to be sized to match maximum rated output of the PV 
inverter under test as a minimum requirement, higher sizes are recommended. In the case of 
the inverter under test, a Sunny Boy 5000TL which is rated to 4.6kW, a load bank of 5kW pure 
resistive load was available at the laboratory (see Figure 16) as a valid match. 
 This load bank has the option to vary its load through a set of circuit breakers situated inside 
the housing. It is a good practice to have all of the switches in the ON position providing full 
5kW load as the output of the inverter, in case the PV array supply cannot be exactly predicted. 
Using load banks full load capacity, ensures that no current will flow in any other direction in 
the simulated circuit. It is important to have the load bank thermostat switched on and set to 
28°C, ensuring continuous cooling of the thermal, resistive elements of the Load bank.  
It is of utmost importance that the Load bank is switched on and connected to the circuit 
before the inverter under test is powered up ensuring the safe flow of current from the 
inverter to the load. Failure to do so will cause the current to flow through the AC Simulator 
which is not equipped for this activity. 
The load bank is connected to the circuit through the same bipolar switch as the AC Simulator 
(Figure 24). As a first test setup instance the load bank was connected directly into the AC 
Switchbox. When running the Transient Voltage test and disconnecting the AC Simulator with 
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MXGUI software it was noticed in the measured data that there was almost no transient 
voltage present coming from the inverter. It was at this point realised that the load bank needs 
to be disconnected from the circuit at the same time as the AC Simulator, avoiding the sinking 
of the inverter output through the load bank. To do this, the switch was configured to be used 
in its final configuration, and by mechanical operation of the switch both AC Simulator and the 
Load will be disconnected from the circuit. As the first setup used the AC Simulators trigger 
signal to trigger the capture of the data, changing the switching location removed this option 
of triggering the data acquisition. A solution was found in the configuration of the switch. 
Output points on the switch (see Figure 25) provide a signal when the switch is operated. This 
signal is to be used to trigger the data capture by the oscilloscopes. A switching detection 
circuit was built in order to capture this signal (see Figure 26) and initialise the data acquisition. 
 
Figure 26 – Switching detection circuit 
Symbol S in Figure 26 represents the Switch from Figure 6 and Figure 7. For the DC component 
6V DC converter was connected into the circuit, while the voltage drop measurement was 
taken with probes over the resistor R = 470 Ohm (see Figure 27). 
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Figure 27 – Voltage drop measurement over the resistor R 
Two sets of P5200 probes were used to retrieve trigger signal, as two oscilloscopes were 
needed in order to measure full extent of transient voltages. This will be described in more 
detail in the Programming of the Equipment section. 
As mentioned in the Equipment section, the load bank has an option of adding additional loads 
through the side power outlets. This is the point where the Small electronic load was 
connected as a requirement for the Transient Voltage test. This load is a representation of a 
typical inductive load present in the household as required by the Standard. A simulated Small 
Electronic Load was obtained from the laboratory and can be seen in Figure 28. 
 
Figure 28 – Small electronic load 
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After running the transient test and analysing the data it was noticed that the Transient 
voltages were very low. This could have been due to the characteristics of the inverter under 
test, but also realising that the small electronic load should have been connected directly into 
the Switchbox on the Inverter side of the Switch instead of the Load side of the Switch. If 
connected in this way it will provide a continuous load to the inverter even after the 
disconnection of the simulated grid and present a better simulation of the real-life system 
where house loads are connected to the inverter side of the circuit. Due to the time restraints, 
after this issue was noticed tests have not been repeated.  
Recommendation is to have the setup adjusted for future test in above described way. 
4.1.5. Power analyser 
The Standard requires for a Power Analyser to be connected on the output of the 
inverter under test. At the beginning of the thesis, the goal was to use PM3000A digital power 
analyser for acquiring measured data. It was soon realised that in order to collect a set of data 
from the system some way of connecting the power analyser to the computer is required. 
LabVIEW was previously used in the ResLab for these purposes and as such it was decided to 
try and utilise existing programs developed by ResLab in its years of service. Unfortunately, 
due to complications, none of the programs that were available had all of their modules 
working and as the conductor of the thesis had limited time to complete the thesis and limited 
knowledge on working in LabVIEW environment, this option was discarded.  
The solution was found in the use of Oscilloscopes in parallel with PM3000A to collect wave 
form data and transfer it to the PC with a memory card and compile and analyse information 
in Excel. Two Tektronix Oscilloscopes TPS 2014 were connected in parallel. Due to the 
requirements of the tests that required certain lengths of data to be recorded, it was decided 
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that two Oscilloscopes will be used. The voltage probes were connected to the terminal block 
connection point of the inverter in the switchboard, at the phase and neutral connectors 
replicating the circuit diagram requirements from Figure 1 - Final test setup configuration. A 
current clamp was clamped on the wire bridge connecting the inverter connectors to the top 
of the circuit breaker bar in the Switchbox (see Figure 31 point D). By acquiring current 
readings at this point in the Switchbox any losses, except losses in the cable connecting the 
inverter to the Switchbox, were minimised and thus allowed for more accurate reading. This 
was to be used as the standard setup of the Oscilloscopes for all the tests except for the 
Transient voltage test, where voltage probes were connected over the resistor, as shown in 
Figure 27, triggering the data acquisition of the waveform. Typically channel one was used for 
voltage recording, channel two for current and channel four or dedicated trigger channel for 
the data acquisition trigger. The setup and adjustments of the Oscilloscope settings will be 
discussed more in the Programming of the equipment section.  
In order to accurately reproduce Figure 1 - Final test setup configuration connection diagram 
PM3000A is connected to the 2-way terminal block connectors of the inverter cable in the 
switchboard. Two new sets of sockets were installed to the top of the switchboard linking 
them directly to the 2-way terminal block connectors (see Figure 29Error! Reference source 
not found.). The left set of the sockets is for current measurements, where the yellow cable 
lead represents the current output of the inverter leading to the PM3000A and the black one 
is the return connection from the PM3000A to the switchboard. These two cable leads connect 
to the lower set of connection points of the PM3000A backboard (see Figure 30). Yellow cable 
lead is connected to the top connector as input to the power analyser and black to the bottom 
as the output. The measurement inside of the PM3000A is done over a shunt with the current 






rating of 30A RMS. It is important to notice that if these cable leads are not connected to the 
PM3000A no connection of the inverter under test to the switchboard is present and no tests 
can be completed. The second set of the sockets installed on the top of the switchboard are 
shown on the right side of the Figure 29. These represent the voltage measuring points and 
are connected by the wire links to the relevant connector blocks of inverter in the 
switchboard. Yellow cable lead presents the phase and the black cable lead presents the 
neutral connection to the PM3000A backboard measuring points (see top connection point of 
the Figure 30). 
 
Figure 29 – PM300A connections at switchboard 
 
Figure 30 - PM300A backboard connections 
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4.1.6 Switchboard 
As discussed in the Methods section, a move was made from using the small AC 
switchboard to the hardwired switchboard. Figure 31 presents visual description of the final 
setup of the Switchboard with all of the equipment connections. 
 
Figure 31 - The Switchboard connections 
- Point A – there are two sets of yellow and black cable leads, these are the 
PM3000A measuring points as shown in Figure 29.  
- Point B - the orange cable seen exiting the Switchbox represents the inverter 
connection to the PV array switchboard shown in Figure 20. The matching 
orange cable coming in the Switchbox at the bottom is the input cable going 
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- Point C - the current clamp and the voltage probes for oscilloscope 
measurements can be seen inside the switchbox on the left side. 
- Point D - the current output from the PM3000A connect to the top of the circuit 
breakers which are all connected with a solid bar over the top, allowing for 
future expanding by allowing more connections to be made to each of the 
circuit breakers at the bottom. It is recommended to have the Light electronic 
load connected directly to the one of the circuit breaker instead of connecting 
to the Load bank side power points so it can be switched independent of the 
Load bank. 
- Point E - the Load bank cable is lead into the switchboard from the bottom. 
- Point F – the Load bank neutral is connected to the neutral bar. 
- Point G -  the Load bank phase is connected to the circuit breaker which is 
connected to 
- Point H - the Switch (previously described in Figure 25). This is the Switch where 
both Load bank and the AC Simulator are connected to.  
- Point I – presents the switch trigger connections of the switch as discussed and 
show in Figure 26. 
Point J - The input connection from the Switch, which represents the connection of the Load 
Bank and the AC Simulator, is connected to the bottom of the circuit breaker rated 25A 
allowing for the full load current to be passed down from the inverter to the Load bank. 
Figure 32 shows the Final Test Setup configuration diagram as required by the Standard with 
the relevant matching test equipment. 
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Figure 32– Final Test Setup configuration 
In the following section, Programming of the equipment, a detailed description of the settings 
for the Inverter, the AC Simulator and the Oscilloscopes as well as the Excel data analysis will 
be looked at. 
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4.2. Programming of the Equipment 
4.2.1. Inverter programming 
In order to run the grid functionality tests as required by the Standard, on a newer or 
older type of the inverter, the settings of the inverter should be checked. Older inverters are 
subject to compliance only to 2005 version of the AS/NZS4777 standard, as they do not have 
hardware or software support for newly required grid connected functionalities. 
The Sunny Boy 5000TL inverter under test for this thesis is dated before the issue of the 2015 
version of the Standard. As such, not all of the tests values will be inside the required 
parameters of the Standard. 
Checking the set values of the inverter is a process that requires external software to be 
installed on the computer. In the case of the SMA inverters this software is called “Sunny 
Explorer” and can be obtained from the SMA Australia website [22]. 
The latest version of this software includes updates for the 2015 version of the Standard 
amongst other functions. It is important to log in as an Installer (by selecting “Installer” for 
user group) using details from Figure 33 in order to be able to change any of the settings if 
required. 
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Figure 33 – Sunny Explorer login details 
Following settings were confirmed for Sunny Boy 5000TL: 
 
Figure 34 – Sunny Boy voltage settings 
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The software is generic, in sense that it provides settings which are not required as per the 
Standard, but could be relevant for other countries standard requirements (for example 
“Upper maximum threshold”) 
Figure 34 shows voltage settings of the inverter matching the values required by the Standard 
presented in Table 5. 
 
Figure 35 – Sunny Boy frequency settings 
Figure 35 shows frequency settings of the inverter matching the values required by the 
Standard presented in Table 5. 
4.2.2. AC Simulator programming 
Description of the Test setup section mentions MXGUI software for programming the 
AC Simulator from the computer. This software is freely accessible from Ametek website [23]. 
This website also provides the latest downloads for updating the firmware of AC Simulator 
and relevant manuals for using the MXGUI software and the AC Simulator.  
Welcome page of the MXGUI provides setup of the general values (see Figure 36). 
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Figure 36 – MXGUI general settings 
All of the settings can be entered by a keyboard and confirmed with a press on the key Enter, 
by selecting appropriate option with the mouse o,r as in case of Frequency setting, by a sliding 
bar (also can be entered manually).  
Figure 36 addresses start-up the settings required before switching ON the AC Simulator 
output (from top to bottom and left to right): 
 Frequency - set to 50Hz,  
 Output mode – set to AC,  
 Output Impedance – set to 0.2 Ohms and 0.477 mH (after finalising all the tests it was 
noticed that the output impedance limit of the AC Simulator is 0.2 Ohms and 0.2mH, 
although the display allows 0.477mH to be entered. More research is necessary to be 
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conducted in order to fully understand the adjustments to the output impedance 
limits), 
 Phase control – set to A phase only and set values of 230V for Amplitude and 25A for 
Current Limit, 
 Waveform – set to SINEWAVE, 
 Output Relay – by default set to Open – when set to Closed it switches ON the AC 
simulator output and should be done only when all other settings are completed, 
 Voltage Range – set to 300V 
 Phase mode – can be set to either 1 Phs or 3 Phs as of the current configuration, as the 
output cable has been configured for single phase connection only. 
After all of the settings are selected, the settings are uploaded to the AC simulator by choosing 
the Upload Settings button.  
It is of outmost importance to have distribution grid connection switched OFF and the Load 
bank ON before switching on the AC Simulator and the Inverter.  
The iInitial interface configuration and detailed description of the test settings can be found 
in the Appendix C. 
The transient list option (see in Figure 37 in red square) will be used for each of the tests. The 
transient list setting for each test will be shown in the relevant Inverter Test Results and 





Figure 37 – Transient List setting 
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In order that oscilloscopes capture the required data it is compulsory that the box labelled 
“Generate trigger pulse only on assigned data point(s)” (see Figure 38) has been ticked and 
the step number that lists the voltage/frequency on which the inverter switches off 
nominated.  
 
Figure 38 – Example of Transient list 
Finding the voltage/frequency value which switches off the inverter is completed in the 
following manner: 
1. Run the relevant transient list for the first time watching the display of the PM3000A 
for the value of voltage/frequency on which the inverter switches off. Note this value 
as this is going to be an approximation used for setting the trigger, 
2. Set the scilloscope to trigger on external signal – channel 4, 
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3. Adjust the 0scilloscope setting to record the relevant length of data (sampling rate) 
based on the test requirements and move the starting point of oscilloscope to the 
middle of the first division, allowing the recorded data to capture a small amount of 
information before the inverter disconnection, 
4. Match the noted value from step 1 in the external signal step in the transient list of the 
AC Simulator, 
5. Run the AC Simulator transient list 
6. Observe the inverter response on the waveform of the Oscilloscope display, 
7. If relevant data is not recorded, observe if the disconnection happened before or after 
the trigger signal,  
8. Change the step value of external signal in the transient list based on observation in 
step 7 to higher or lower value, 
9. Run the AC Simulator again, and 
10. Observe the inverter response on the waveform of the Oscilloscope display. If relevant 
data has been recorded save it to the memory card. If no relevant data has been 
captured go back to step 7. 
4.2.3. Power analyser settings 
4.2.3.1. PM3000A 
 Using the PM3000A power analyser did not require any special programming once it 
was decided, due to constraints, that LabView will not be used. PM3000A was used for reading 
and recording 3 samples of current harmonics over 5s interval for each harmonic. The mean 
value of the three was recorded as the result for each harmonic and compared to the 
harmonic limits.  
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4.2.3.2. Tektronix Oscilloscopes 
 In order to capture the detail and the length of the transient voltage response of the 
inverter, two Tektronix oscilloscopes were required with two different grading settings. In 
order to calculate transient voltages, data recordings are transferred to Excel. Data is then 
analysed by counting the iterations of voltage peaks and multiplying them with their sampling 
rates. The voltage values, which correspond to time durations set by the standard are 
recorded and compared with the values in Table 4. 
Transient voltage limits referred in Table 4 show that data measurement length needs to be 
up to one second and that the sampling rate needs to be much smaller than 0.2ms. One 
oscilloscope does not have capabilities to acquire data of required length and sampling rate 
due to its recording limitations. Using two oscilloscopes (Figure 39) in parallel can provide this 
feature. On both oscilloscopes voltage is to be measured on channel one and trigger on 
channel three. Trigger signal is acquired as described by Figure 26 and is set to trigger on falling 
edge of voltage value of 5V. 
 
Figure 39 - Dual oscilloscope measuring setup 
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The first oscilloscope was setup to measure at sampling rate of 0.02ms allowing for the fast 
sampling of data for the fastest required transients of 0.2ms (allowing for ten measured 
samples). This was accomplished by setting the horizontal division to 5ms with 10 divisions of 
recording (2500 samples in total). 
The second oscilloscope was setup to measure at sampling rate of 0.4ms allowing for the 
sampling of the data for the longest required transients. This was accomplished by setting the 
horizontal division to 100ms with 10 divisions of display (2500 samples in total), and thus 
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5. Inverter Test Results and Analysis 
 This section of the thesis will involve description of the tests completed over the 
inverter, analysis of the results and discussion. 
As described in the Equipment description section, the inverter that was available for testing 
purposes was of an older generation. This lead to choosing applicable tests out of the 
requirement of the Standard: 
1. Harmonic current limit test 
2. Transient voltage limit test 
3. Passive anti-islanding test 
4. Sustained limits test 
Where the requirements of the Standard were to have measurements done with different % 
of inverter output, the test were performed with inverter output at about 50% (will be 
specified for each measurement test) due to the use of PV Array and not the PV Simulator. 
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5.1. Harmonic current limit test 
 The test procedure of the Harmonic current limit test consists of two parts. First part 
is to measure the Current harmonic values during the test. Second part is to measure Voltage 
harmonic values of the grid during the test at the inverter output.  
Programming of the AC Simulator will create environment required for the test. AC Simulator 
settings are completed as per the Figure 36 – MXGUI General settings. 
All measurements are completed on the Inverter output tails at the Switchbox. Three readings 
are taken from the PM3000A display and averaged out to give the final value. The Inverter 
output current is 10.4A which is just over 50% of its rated power output. 
Measured Current harmonic values should be compliant to the values in Table 1 and Table 2. 
After completing readings of all of the 33 harmonics values are graphed and compared to the 
Limit values (See Figure 40). All of the values are under the Limits required by the Standard.  
 





































Current harmonics 50% of inverter output
Measured values Limits
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The requirements of the Voltage harmonic test are to: 
1. Maintain test voltage and frequency at the grid. 
2. Set the impedance of supply source to 0.2 Ohm + j0.477mH – the AC Simulator allowed 
this to be entered as values, but it was after that it was realised that the j0.477mH 
value would revert to j0.2mH as limited by AC Simulator configuration (further 
research is required to show if this issue can be mitigated by the AC Simulator itself or 
by adding additional external resource). 
3. The harmonic ratios should comply to Table 3 from Literature review section. 
The Figure 41 shows the values of the Voltage Harmonics measured by PM3000A using the 
same method of averaging three readings as for the Current Harmonics. 
 
Figure 41 - PM3000A measured Voltage Harmonics 
All of the measured voltage and current values are beneath the Limits required by the 
Standard. 
































Voltage Harmonics - PM 3000
Measured values Limits
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For information on comparison in measurements of the Voltage Harmonics with and without 
load refer to Appendix B. 
5.2. Transient voltage limit test 
 The Transient voltage limit test requires additional circuit to be added to the Test 
setup. This circuit is described in the Description of the Test setup section under the Load bank 
subsection and has been named the Switching detection circuit. Incorporation of this circuit 
to the Test setup general configuration (see Figure 1) lead to creation of the Transient Voltage 
test setup (see Figure 42). 
 
Figure 42 - Transient voltage test setup 
Requirement of this test is to capture transient voltage values that are produced by the 
inverter in the circuit with a small electronic load after the disconnection of the AC Simulator 
and compare them to the values in Table 4. 
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Programming of the AC Simulator created the environment required for the test. TheAC 
Simulator settings are completed as per Figure 36 – MXGUI General settings. 
Once the switch is operated two oscilloscopes recorded the required data as described in 
Section 4.2.3.2. 
Charting measured Transient voltage values against the Limits shows that the measured 
values are beneath the Limits (see Figure 43).  
Inverter passes this test. 
 
Figure 43 - Transient Voltage limits 
 
As described in the Load bank subsection of the Description of the Equipment section it is a 
recommendation for future work to have the small electronic load connected directly to the 
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5.3. Passive anti-islanding test 
 Passive anti-islanding test is completed in the Test setup general configuration circuit 
as shown in Figure 18. Required set values of the test to which inverter needs to comply are 
noted in Table 5.  
Programming of the AC Simulator created environment required for the test. General AC 
Simulator settings are completed as per the Figure 36 – MXGUI General settings.  
Each protective function from Table 5 presents a subtest and requires a separate Transient 
voltage list to be created and run. For description of programming of each of these tests refer 
to Appendix C.  
Setting the trigger for acquisition of data is described in Programming of the Equipment 
section, subsection AC Simulator programming. 
The output current of inverter at the time of test was 11.3A, which is just over 50% of its rated 
output. 
After completing all of the subtests and analysing recorded waveforms from oscilloscopes 
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Average Time to 
disconnect 
(seconds) 
Average Time to 
reconnect (seconds) 
Set points 180 ≤ 2 ≥ 60 







Average Time to 
disconnect 
(seconds) 
Average Time to 
reconnect (seconds) 
Set points 260 ≤ 2 ≥ 60 







Average Time to 
disconnect 
(seconds) 
Average Time to 
reconnect (seconds) 
Set points 265 ± 2 ≤ 0.2 ≥ 60 







Average Time to 
disconnect 
Average Time to 
reconnect  
Set points 47 ≤ 2 seconds ≥ 60 seconds 







Average Time to 
disconnect 
Average Time to 
reconnect (seconds) 
Set points 52 ≤ 0.2 ≥ 60  
Measurements 52 0.128  61  
 
It can be determined from the Table 6 that inverter complies to all of the set values of sub test 
as required by the Standard and described in Table 5, except the values of protection function 
Over-voltage 2. As this inverter is of an older generation it was expected that it will not comply 
to all of the requirements of the 2015 version of the Standard. This subtest was not part of 
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the AS/NZS 4777: 2005 version of the standard and the inverter was not required to pass this 
test. 
It is concluded that although the Sunny Boy 5000TL inverter doesn’t comply to the 2015 
version of the Standard it is still compliant to the 2005 version, as 2015 version encompasses 
2005 version.  
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5.4. Sustained operation limit test 
 Sustained operation limit test is completed in the Test setup general configuration 
circuit as shown in Figure 18. It is comprised of two parts: 
 Sustained operation for voltage variations 
 Sustained operation for frequency variations 
Sustained operation for voltage variations 
 Tested inverter shall demonstrate satisfactory response by complying to set point 
values for sustained operations for voltage variations from the Standard (see Table 7). 










255± 1% (252.45-257.55) ≤30 
Test: 





Limit value ≤ 30 > 60s 
 
Programming of the AC Simulator created environment required for the test. General AC 
Simulator settings are completed as per the Figure 36 – MXGUI General settings.  
For description of programming of each of these tests refer to Appendix C.  
Measurements are obtained by reading the display of the PM3000A and using a stopwatch 
on the smart phone to record response times. 
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The first subtest was to record Vnom_max. The Vnom_max set value is obtained by recording 
voltage every 3s over a 10-minute period, when the inverter disconnects due to sustained 
protection function. The average voltage is then recorded. 
The second subtest was to record the disconnection time when voltage is set to Vnom_max + 
2V and reconnection time after the voltage has been set back to 230. Times are recorded. 
The output current of inverter at the time of test was 10.65A, which is just over 50% of its 
rated output. 
Table 8 shows recorded values of measurements against the set values determined by the 
Standard. 






for Vnom_max + 2V 
(seconds) 
Set point (Vnom_max) 255± 1% (252.45-257.55) ≤30 
Set point measured by 
PM over 10min (V) 
254.97 5s 
Test: 





Limit value ≤ 30 > 60s 
Measured values 5s 62 
 
It can be seem determined from the values in Table 8 that all of the measured values comply 
to the Standard. 
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5.5. Sustained operation for frequency variations 
The tested inverter shall demonstrate satisfactory response to an over-frequency 
event as described in Background section of the thesis. 
Programming of the AC Simulator created the environment required for the test. General AC 
Simulator settings are completed as per the Figure 36 – MXGUI General settings.  
Specific programming of the AC Simulator for over-frequency event can be found in the 
Appendix B. 
Measurements are obtained by reading the display of the PM3000A and using a stopwatch on 
the smart phone to record response times. 
As each new value of the frequency is set for 30s, three measurements of power are made 
and average value is recorded.  
The output current of inverter at the time of test was 11A, which is just over 50% of its rated 
output. 
Figure 44 shows measured values of power response of inverter to over-frequency event. 
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Figure 44 - Sustained operation frequency limit test results 
Analysing the data from Figure 44 it is noticeable that the inverter under test does not have 
appropriate response as required by the Standard (see Figure 7). In order to pass the 
Standard requirements inverter should have had a linear drop of average power with the 
rise of frequency, ending at 0W when frequency reaches 52Hz.  
This was expected response from this inverter as this test represents one of power response 
functionalities required from new grid connected inverters. As Sunny Boy 5000TL is an older 






























































Sustained Operation - Frequency Test
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6. Conclusion 
The purpose of this thesis was to create a grid connected inverter test setup and to run an 
inverter compliance test. 
In order to complete this objective several tasks have been established: 
 Familiarisation with the existing equipment in the laboratory situated in Building 190; 
 Review of the AS/NZS4777.2 – 2015 Grid connected inverter requirements; 
 Developing the Test setup physical circuit and data logging facility; 
 Testing of the example inverter, analysis and documentation. 
Firstly, an inventory of existing equipment in the laboratory was completed providing few 
adequate options for almost each section of the test setup circuit. Each option was considered 
and the most viable was chosen based on what value it will provide in the setup as well as the 
time and resource availability. 
For the input supply to the inverter existing PV array on the roof of the building was chosen 
over the PV Simulator as it was readily available and needed no additional resources assigned 
to it in order to work. 
For the inverter, acquiring of a new inverter compatible with AS/NZS4777.2- 2015 was found 
not to be viable as it could not be accomplished in allocated time with the resources available. 
Instead existing Sunny Boy 5000TL inverter which was already installed in the laboratory was 
used for testing, as it still complied to 2005 version of the Standard and a new inverter once 
acquired can be easily installed in its place. 
Using PM3000A for a power analyser coupled with two Tektronix oscilloscopes with memory 
card was determined to be viable for the data acquisition. Due to the time and resources 
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available for this thesis calibration of the measuring devices has not been completed. This has 
been recommended to be a part of future works. 
For the Grid component of the test setup California Instruments MX45 3PI AC source was 
available in the laboratory complying to the requirements as set by the Standard. As this was 
the first project using this equipment short manual for its usage has been attached as 
appendix to the thesis.  
Due to the closed nature of the test circuit a Load bank acting as a sink for the current input 
from the inverter was necessary. Laboratory was able to provide existing 5kW resistive Load 
bank matching the 4.6kW maximum power output of the inverter.  
For the switchgear component of the circuit two options were considered. First one was 
existing small AC switchgear located in the east room of the laboratory previously used by the 
ResLab. This equipment provides excessive number of plugs and sockets for connecting 
required components. Unfortunately, it has been found that the PLC controlling it is not 
operational and would require reprograming and the switchgear would require testing. As this 
was not part of the thesis this option was found not viable. Second option of hardwiring the 
equipment in the existing switchbox was found to be acceptable for the creating of the test 
setup. 
As a second task, review and indebt understanding of the AS/NZS4777.2 – 2015 was 
completed. This lead to nominating test that can be completed over the chosen inverter Sunny 
Boy 5000TL as an example and proof of functionality of the test setup.  
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Tests to be performed over the inverter: 
 Harmonic Current limits test 
 Transient voltage limits test 
 Passive anti-islanding test 
 Sustained operation limits test 
The tests were successfully administrated and results obtained. The inverter under test does 
is not compliant to all of the limits as set by the Standard. This was expected as the inverter 
was only compliant to the 2005 version of the Standard and not to power response grid 
functionalities of 2015 version. These compliance results, although negative, were relevant to 
the thesis as they were showing that the test setup will capture all required data required for 
the analysis regardless of the compliance of the inverter. 
It is concluded that the thesis has completed its objectives in creating an adequate test setup 
with data logging facility for performing performance and functionality tests for grid 
connected inverters. 
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7. Future Work 
It is a recommendation that for the future inverter tests following improvements should be 
made: 
 Using the PV Simulator as an input of controlled power to the inverter. In order for this 
to be functional, the PV Simulator cabinet requires regular maintenance and testing. 
As PV Simulator is powered by the DC Generator regular maintenance and testing of 
this equipment is required. 
 Using Small AC Switchgear instead of hardwired connections. AC switchgear is 
controlled by the PLC which has been found to be non-functional. A dedicated resource 
for reprogramming and testing the PLC will be required. All parts of the AC Switchgear 
are to be tested and replaced if not working before commissioning. 
 Existing Load Bank enclosure situated outside of the Building 190 should be used 
instead of the 5kW load bank as it provides resistive, capacitive and inductive loads. 
The Load Bank is controlled by the same PLC as the AC switchgear and as such should 
be tested as part of the AC Switchgear circuit commissioning process.  
 California Instruments MX45 3PI is a very versatile piece of the equipment and 
requirements of this thesis has just scratched the surface of its capabilities. Its 
potentials for use in laboratory experiments should be developed and its capabilities 
further explored.  
 Using LabVIEW as an interface for data acquisition first and possible control of the 
whole test setup through AC switchgear PLC as second task would have following 
benefits: 
 Easier control of the switching process; 
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 Easier data acquisition. 
 Regular maintenance of the measuring equipment will improve uncertainty level of the 
test results. 
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Appendix A 
SAFETY - RISK ASSESSMENT 
LOCATION: 
Murdoch University, South St Campus, Murdoch; Building 190 - 
Laboratory 





At any point in time Hazards and Risk assessment can be altered to include new or re-rate 











Enclosed switches, Low Voltage 
rated leads and equipment,  
Equipment not to be connected or 
disconnected under load.  
Equipment to be left in 
disconnected state with Low 
Voltage switched off at all source 
points.  
Equipment not to be left 
unattended if energised. 
2 








Cables and leads to be disconnected 
after use and stored at designated 
location. 
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SIGNATURES 
All persons who sign will read Hazard and Risk Assessment and by signing will confirm that 
they will abide by the control measures listed. 
 
  
PRINT NAME SIGNATURE PRINT NAME SIGNATURE 
Milan Golic    
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Appendix B 
Harmonic current limit test 
 The AC Simulator has capability to measure all values at the output of the machine. 
This is not a requirement of the test, but it was discussed that it would be interesting to 
compare the values measured at the AC Simulator and the values measured at the inverter 
output. 
The Voltage Harmonic values measured by the AC Simulator can be seen at Figure 45 It is 
noticeable that the measured values are well beneath the Limits from Table 3. 
 
Figure 45 - AC Simulator measured Voltage harmonics 
The Figure 46 shows the Voltage Harmonic values with the load connected and inverter 
































Voltage Harmonics - AC Simulator
Measured values Limits
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Figure 46 - Voltage Harmonics without the inverter 
It is noticeable that the Voltage harmonics have changed. The only components at the 
moment that could influence harmonics at this stage is the power cabling from AC Simulator 
to the point of measurement and the Load bank. Power cabling was completed by three 
sections of cables with two sets plugs/sockets connecting them. The Load bank is supposed to 
be purely resistive/linear and as such shouldn’t interfere with the Voltage harmonics. It is 
unclear at this point what exactly causes interference and as this set of measurements were 
analyses at the end stage of writing the thesis and investigation couldn’t be made into why 

































Voltage Harmonics - AC Simulator
Measured values Limits
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Appendix C 
C.1 – Initial configuration of AC Simulator 
 When the MXGUI is started for the first time it requires a software connection to be 
made between the PC and the AC Simulator. This is accomplished by choosing the Interface 
Configuration option from the button tab. This opens the Interface configuration setup menu 
(see Figure 47 ). 
 
Figure 47 - MXGUI - Initial configuration 
As the AC Simulator is connected to the PC trough the IEEE-488 card this option is chosen as 
the Type. For the IEEE Settings Address 10 should be entered. If in doubt about which Address 
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to choose the Auto Scan option can be run. The final step is selecting the option Verify 
Connection. This will confirm the connection between the PC and the AC Simulator. 
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C.2 – Passive anti-islanding test 
The Standard specifies steps in each of the sub test which need to be followed to 
perform the test. Required protection functions and values can be found in Table 5. Below are 
the AC Simulator programming instructions for each of the subtest. 
 
Figure 48 - AC Simulator - Undervoltage programming 
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Figure 49 - AC Simulator - Overvoltage 1 programming first section 
 
Figure 50 - AC Simulator - Overvoltage 1 programming second section 
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Figure 51 - AC Simulator - Overvoltage 2 programming 
 
Figure 52 - AC Simulator - Underfrequency programming part 1 
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Figure 53 - AC Simulator - Underfrequency programming part 2 
 
Figure 54 – AC Simulator - Overfrequency programming part 1 
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Figure 55 – AC Simulator - Overfrequency programming part 2 
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C.3 – Sustained limits test 
The Standard specifies steps in each of the sub test which need to be followed to 
perform the test. Below are the AC Simulator programming instructions for each of the tests.   
 
 
Figure 56 - AC Simulator - Sustained voltage programming part 1 
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Figure 57 - AC Simulator - Sustained voltage programming part 2 
 
Figure 58 - AC Simulator - Sustained frequency programming part 1 section 1 
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Figure 59 - AC Simulator - Sustained frequency programming part 1 section 2 
 
Figure 60 - AC Simulator - Sustained frequency programming part 1 section 3 
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Figure 61 - AC Simulator - Sustained frequency programming part 2 
 
 
